Introduction
All-optical exclusive-OR (XOR) logic gate is one of the crucial elements for ultrafast all-optical signal processing [1] [2] [3] [4] , such as data encoding, label swapping, parity checking, half-or full-adder, etc. Alloptical XOR gates with data inputs in on-off keying (OOK) format have been reported [1] [2] . Recently, with the increasing research applications of optical differential phase-shift keying (DPSK) signals, alloptical XOR logic gates with return-to-zero DPSK input signals have also been reported [3] [4] . However, all previous demonstrations were limited to two data inputs, whereas XOR gates with more data inputs are preferred in the applications such as data encoding, parity checking, and full adder, to avoid too many cascaded XOR gates. In this paper, we utilize nondegenerate four-wave mixing (FWM) in a single semiconductor optical amplifier (SOA) to experimentally demonstrate a simple and compact alloptical XOR logic gate for three input optical DPSK signals, for the first time. The proposed FWM-based XOR logic gate can also accommodate ultrahighspeed operation.
Principle and Experiment
The possibility of three-input XOR operation for optical DPSK signals using FWM in an SOA has been theoretically explored in [3] . Three optical frequencies ω 1 , ω 2 , ω 3 nonlinearly interplay with the SOA's gain medium to generate the fourth frequency component ω 4 = ω 1 +ω 2 −ω 3 . Their respective optical phases have the relationship φ 4 = φ 1 +φ 2 −φ 3 . Due to the periodicity of the optical phases and the differential coding, the binary data represented by the FWM-generated DPSK signal is exactly the XOR result of the three data inputs:
where k j_i is the binary data value (either 0 or 1) of the i th bit on the wavelength indexed with j ( j = 1, 2, 3, 4). Fig. 1 shows the experimental setup. Three CW input light beams were firstly combined via fiber couplers, before passing through an electro-absorption modulator (EAM) driven by a 10.61-GHz electrical clock for pulse carving. The generated 15-ps optical pulse trains were amplified, and were modulated by a 10.61-Gb/s 2 7 -1 pseudo-random binary sequence (PRBS) via a single LiNbO 3 optical phase modulator (PM). The optical DPSK signals on the three wavelengths were then demultiplexed by an arrayed waveguide grating (AWG) and were decorrelated by two tunable optical delay lines (ODL), as shown in Fig.  1 . Two polarization controllers (PC) were used to maximize the FWM efficiency of the generated ω 4 component. The three optical DPSK signals were then combined and fed into a commercial SOA, which was biased at 180 mA. The total average input power into the SOA was 4.5 dBm. A new light wave at ω 4 was generated, via FWM. This served as the XOR output signal, which was then extracted by a tunable optical bandpass filter (OBPF) with a 3-dB bandwidth of 1 nm and the output optical power was about -18 dBm. In the experiment, the DPSK signals were demodulated by a fiber-based delay interferometer (DI) with a relative delay of 94. Fig. 2 shows the output optical spectrum from the SOA generated by the FWM process. The three input wavelengths (λ 1 = 1545.66 nm, λ 2 = 1547.23 nm, λ 3 = 1550.43 nm) were chosen near to the gain peak of the SOA, as well as in alignment with the AWG passbands. In addition to the generated wavelength λ 4 (corresponding to ω 4 = ω 1 +ω 2 -ω 3 ), the four-wave mixing process has also produced some other wavelength components (corresponding to 2ω 2 -ω 1 , 2ω 3 -ω 2 , ω 1 +ω 3 -ω 2 , ω 2 +ω 3 -ω 1 , 2ω 3 -ω 2 , etc), as depicted in Fig. 2 . The FWM efficiency, that is, the power ratio of the generated ω 4 component to the ω 3 component (with highest input power), was measured as -19.6 dB. The optical signal-to-noise ratio of the ω 4 component was 21.3 dB, measured at 0.1-nm resolution bandwidth on the spectral analyzer. The wavelengths of the three light beams (λ 1 , λ 2 , λ 3 ) were observed to be slightly red-shifted after the SOA, mainly due to their self-and cross-phase modulations [5] .
Results and Discussion

Fig. 2. The optical spectrum output from the SOA.
The captured waveforms are shown in Fig. 3 . A 16-bit sequence "1010100010110011" and its two delayed versions served as the three data inputs (Fig. 3 i, ii, iii) . Fig. 3 iv shows the demodulated DPSK waveform output from our demonstrated optical XOR gate, with the correct XOR result "0001001100000111". The degraded extinction ratio of the XOR output signal might be attributed to the accumulated phase noises produced in the EDFAs and the SOA. Besides, the phase modulation depth of the input signals might not be exactly π. We have also observed that the FWM components at ω 1 +ω 3 -ω 2 and ω 2 +ω 3 -ω 1 carried the same XOR result, but with worse signal quality due to more filtering leakage induced crosstalk from the neighboring strong optical frequencies.
Fig. 3. 16-bit demodulated DPSK waveforms of the three input (i, ii, iii) and the XOR-output (iv) signals.
We have performed bit-error-rate (BER) measurements to precisely investigate the logic integrity and the performance of the demonstrated FWM-based three-input optical XOR gate. A PRBS sequence with a word length of 2 7 -1 and two of its delayed versions served as the three data inputs. We computed and edited the XOR result into the BER tester to evaluate the output XOR data. The measured BER for the three input and the output signals were plotted in Fig. 4 . The three input signals had similar performance and the XOR output signal had less than 2-dB power penalty at BER=10 
